Genotypic diversity in Babesia bovis (cause of Asiatic redwater in cattle) vaccine strains and field isolates from South Africa were investigated using the Bv80 gene as well as microsatellites. The S11 vaccine strain possessed both A and B alleles of the Bv80 gene, as well as genotypic diversity within each allele type as defined by repeat variation resulting in different amplicon sizes. Rapid serial passage of vaccine strain from passage S10 to S24 resulted in loss of genotypic diversity that yielded a single allele A genotype with an amplicon size of 558 bp. This suggested that clonal selection occurred during rapid passaging. Extensive genotypic diversity exists in 44 field isolates characterized with both Bv80 A and B alleles, but can be readily distinguished from the S24 vaccine strain using either the Bv80 allele specific PCR assays or using multi-locus micro-satellite typing. This indicated that no recent documented clinical 1 cases of Asiatic redwater were caused by the reversion to virulence of the current vaccine strain.
Introduction
Babesia bovis is the causative agent of Asiatic redwater in cattle, considered to be a globally important disease (Bock et al., 2004) . It is transmitted by Rhipicephalus (Boophilus) microplus, a tick introduced into South Africa in the late 1900's and now endemic in high rainfall areas. More than 80% of cattle in South Africa occur within the geographic range of the vector tick and it has been estimated that 9% of all cattle mortalities are due to Babesia infection (de Waal, 1996) . Current control methods include acaricide dipping for the tick vector and the use of a deep-frozen live monovalent vaccine for B. bovis (De Waal and Combrink, 2006) . Concerns regarding the use of frozen vaccine remain, either as vaccine failure to protect animals against field strain challenge (vaccine breakthrough) or as vaccine related mortality in unmonitored block treatment after vaccination or vaccine reversion to virulence (Bock et al., 1992; Bock et al., 2000; Combrink et al., 2012; Lew et al., 1997b) .
Characterization of the vaccine strain and comparison to circulating field strains may address these concerns.
The current South African vaccine was derived from two series of repeated blood syringe passage of B. bovis in splenectomized calves with the aim of reducing virulence (Callow et al., 1979) . The first series was by 10 times rapid syringe passage of the "S isolate" in splenectomized calves resulting in the S10 vaccine strain blood stabilate that was less virulent than the S isolate (De Vos, 1978; De Vos et al., 1982) . This isolate was used since 1978 as S11 in the commercial vaccine. Severe reactions in a notable number of calves were, however, observed following vaccination and a further 13 rapid blood syringe passages of S10 in 1981 resulted in blood stabilate S23 that when tested as S24 vaccine showed lower virulence compared to S11 (Combrink, unpublished research, November 1981) . The S24 vaccine replaced the S11 in a chilled bivalent (also containing Babesia bigemina) live blood vaccine, and in April 1998 the bivalent chilled vaccine was replaced by deep-frozen monovalent live blood vaccines of B. bovis and B. bigemina, which is still in use.
Rapid passaging of B. bovis vaccine strains through splenectomized calves resulted in phenotypic as well as genotypic changes. Phenotypically, passaged vaccine strains become less virulent or become non-transmissible by the tick vector (Callow et al., 1979; Dalgliesh and Stewart, 1977) . While reversion to virulence occurred when re-passaging through intact cattle, non-transmissible strains could not regain infectivity (Callow et al., 1979; Dalgliesh and Stewart, 1977) . In the case of the S24 vaccine, both loss in virulence and nontransmissibility has been observed (de Vos et al., 1982; Mason et al., 1986) . In regard to genotypic changes, it was observed that passaged populations may become clonal or less genetically diverse, the latter being linked with vaccine breakthroughs (Gill et al., 1987; Lau et al., 2011; Baravalle et al., 2012) . Conversely, avirulent vaccines may harbor virulent strains (Timms et al., 1990) . Genotypic characterization of vaccine strains in regard to their passage history may therefore be important to understand the genetic composition of current vaccines.
Genotypic diversity is common among B. bovis isolates across the globe. Markers for diversity include mini-and microsatellites (Wilkowsky et al., 2009; Perez-Llaneza et al., 2010) , merozoite surface antigen 1 (Suarez et al., 2000; Lau et al., 2010) , the Bv80/ Bb-1 gene (Lew et al., 1997a; Lew et al., 1997b; Hines et al., 1995; Mazuz et al., 2012) and BvVA1 (Lew et al., 1997a; Lew et al., 1997b) . Most markers have been used to investigate genetic diversity and genotypic differences between vaccine strains and field isolates. In the current study, the S24 vaccine strain from South Africa was compared with field isolates using the Bv80 gene, as well as micro-satellites. A high level of genetic diversity were detected in South African field isolates for B. bovis and could be accurately distinguished from the vaccine strain using allele specific primers of the Bv80 gene as markers.
Materials and Methods

Collection of Babesia isolates and DNA extraction
South African Babesia bovis vaccine strains S11, S16, S18, S22 and S24 were used from deep frozen vaccine stocks. A number of field isolates were collected by veterinarians in 2008-2012 from animals that exhibited clinical symptoms for babesiosis into EDTA-blood tubes. Other isolates were collected from commercial herds in 2011-2012, from regions known for clinical redwater outbreaks into EDTA-blood tubes ( Fig. 1; Table 2 ). One sample (F strain) was obtained from an infected tick (de Vos, 1978) . In each case microscopical analysis of Giemsa stained blood smears confirmed the identity as B. bovis, as well as the absence of B. bigemina. In addition, all samples were confirmed negative for B. bigemina by PCR amplification using primers specific for B. bigemina (BBIA: CAT CTA ATT TCT CTC CAT ACC CCT CC; BBIB: CCT CGG CTT CAA CTC TGA TGC CAA AG) as described (Figueroa et al., 1992) . Genomic DNA was extracted as previously described (Mans et al., 2011) , using automated MagNAPure technology (Roche). In all cases, 200 ul of whole blood were used and DNA eluted into 100 ul elution buffer (50mM Tris-HCl, pH 8.0). For all B.
bovis assays, the B. bigemina vaccine strain used at Onderstepoort Veterinary Institute as well as an animal kept under tick-free quarantine conditions were used as negative controls.
Amplification, cloning, sequencing and phylogenetic analysis of the Bv80 gene
Initial characterization of the vaccine strains using the Bv80 gene was performed as described (Combrink et al., 2012) using the 1Bf and 2Br primers (Lew et al., 1997a; Lew et al., 1997b) .
Amplified products were analyzed using 1.2% agarose gels or the QIAxcell high resolution capillary gel electrophoresis system (Dean et al., 2013) . For cloning and sequencing, amplified products were resolved using 1.2% agarose gels and bands were excised from the gels and cleaned before cloning into the pGEM T-Easy vector. Positive clones were screened using the M13F and M13R vector primers and amplified products cleaned up before sequencing using the BigDye® Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems).
In all cases at least three clones were sequenced from both sides and a consensus sequence derived. Consensus sequences were translated into their open reading frames and aligned using the default parameters for ClustalX (Jeanmougin et al., 1998) . Alignments were trimmed and gapped regions were removed. Phylogenetic analysis was performed in Mega5 using Neighbor-joining analysis (Tamura et al., 2011) . The Jones-Taylor-Thornton (JTT) amino acid substitution model was used assuming uniform rates among sites and homogenous pattern along lineages. Gaps were treated as pairwise deletion and 10000 bootstrap analysis steps were performed to estimate nodal support.
Amplification of the Bv80 alleles
Primers were designed for allele A (BbAF: GTA GTG GAG CCC ACT GAA GAG CCG GCT GGC; BbAR: GCC ACA TTT GGG TAC AAG ATT ACA AGA AGC) and allele B (BbBF: GAG CAG CCA GTT GCT GAA GAA CCA TCT GAT; BbBR: TTC ACC TTT GCG ACC ACC GTA ACA AGG TCT). Amplification was performed using a touch-down procedure that included an initial denaturation at 95°C (2 minutes) followed by denaturation at 95°C (30s), annealing at 65-55°C (30s), extension at 72°C (2 minutes) for 10 cycles, followed by 40 cycles using an annealing temperature of 55°C. Samples were analyzed using the High Resolution Cartridge of the QIAxcell system (Qiagen) (Dean et al., 2013) . As standard, the 100 bp O'Gene Ruler ladder was used (Fermentas) and the peaks integrated using the QIAxcell software.
Amplification of the mini-and micro-satellites
Micro-satellites developed by Perez-Llaneza et al. (2010) were used and included MS1, MS2, MS4, MS5, MS8, MS10, MS11 and MS12. Amplification conditions were as described (Perez-Llaneza et al., 2010) . Amplified products were analyzed using the QIAXcell system as described above.
Results
Sampling of clinical and field survey samples of Asiatic redwater
All clinical and field survey samples were confirmed to be B. bovis positive by microscopy as well as PCR assay. Samples were obtained from regions that cover the current geographic distribution of R. (B.) microplus as well as regions known for clinical B. bovis outbreaks (Fig.   1 ). Several samples were derived from the same general region, while two clinical cases occurred outside the known vector distribution area (Fig. 1) .
Characterization of the Bv80 gene for the vaccine strains
Analysis using agarose gel electrophoresis indicated that the banding patterns became less complex with passaging, with the S11 strain showing a large diffuse band at ~700-800 bp that seem to be composed of multiple amplification products, while the S22 and S24 strains only showed one band at ~700 bp ( Fig. 2A) . A significant change seems to have occurred between passage S16 and S18, where the ~800 bp bands are less prominent. High resolution Repeats S11 S11 S11 S16 S16 S16 S18 S22 S24 S11 S16 8 Fig. 2 . Characterization of the Bv80 gene for various vaccine passaged strains. Strains were amplified using the 1Bf and 2Br primers of Lew et al. (1997a; 1997b) . A) Agarose gel electrophoresis of amplified products. B) Analysis by high resolution capillary gel electrophoretic. Indicated are electrophoretic traces various passaged vaccine strains and their calculated molecular sizes based on a 100 bp control ladder.
The 50 bp and 3000 bp alignment markers are also indicated.
electrophoretic analysis indicated that two major peaks are found for S11 and S16, of 720 and 765 bp, respectively. In contrast, S18, S22 and S24 only showed a single peak of 693 bp (Fig.   2B ).
Cloning and sequencing indicated that the vaccine strain was composed of a variety of Bv80 genotypes with different known repeats for the Bv80 gene and could be distinguished based on two dominant genotypes designated as allele A and allele B (Fig. 3) . Phylogenetic analysis indicated that the sequences grouped into two major clades that corresponded with previously characterized strains from Argentina, Australia and Mexico (Fig. 4) . The clades represent the A and B alleles for the Bv80 gene and indicated that passages S11 and S16 possessed both alleles while passages S18, S22 and S24 only possess allele A with identical sequences. Of interest is the fact that repeats EEPIA/EEPVA predominate in genotypes with the A alleles, while PAET/PAEK repeats are predominantly found in genotypes from the B allele (Table 2 ).
In the case of S18, S22 and S24 the dominant repeat is EEPVA with only one PAEK repeat present.
Development of Bv80 allele specific assays
Primers specific for the different Bv80 alleles were designed based on conserved sequences, which will specifically amplify the conserved regions of allele A or allele B as well as the central repeat region. These primers were able to detect the A and B alleles in the various vaccine passaged strains using high resolution capillary gel electrophoresis (Fig. 5) . It confirmed that S11 and S16 possess both alleles, while S22 and S24 possess only a single genotype for allele A. The passaged S18 strain show evidence of transition in genotype populations, with the allele A genotype for S22 and S24 present, but also low level of an allele B genotype. The possibility therefore existed to use these assays as means to differentiate vaccine strains from field isolates. The 50 bp and 3000 bp alignment markers are also indicated.
Screening of field isolates using Bv80 allele specific assays as well as micro-satellites
A total of 44 field isolates that derived from various B. bovis endemic regions of South Africa were screened using the Bv80 allele specific primers. In addition 8 different micro-satellite markers were also tested (Table 3 ). The majority of field isolates were infected with genotypic diverse populations of B. bovis that possessed different or both Bv80 alleles as well as a variety of micro-satellites. In the case of the Bv80 allele A band sizes ranged from 381-858 bp (Fig. 6) . A frequency distribution indicated that the majority of genotypes (89%) for allele A were above 585 bp.
The majority of these genotypes (87%) ranged from 650-835 bp, indicating that the vaccine strain S24 was unique in its composition and could be easily distinguished from field strains.
Only one animal (sample 14) possessed a band of 585 bp similar to the vaccine strain, but this For most of the micro-satellites tested, a variable number of alleles were found ranging from 4-13. The only uninformative micro-satellite was MS-10 that either gave a band at 229 bp or was negative. No differences existed in micro-satellite profiles of the vaccine strains to enable distinction between different passages. The alleles for vaccine strain S24 were also found in numerous field isolates, while many field isolates possessed multiple alleles. Using a multi-locus approach, the vaccine strains may be distinguished from field isolates. Of interest, was that the micro-satellite profile of sample 14, the animal recently vaccinated with the S24 vaccine strain differed from that of the vaccine strain.
Discussion
A previous study indicated that S11 and S24 strains differed in their Bv80 composition, but was only analyzed according to size differences for which the allelic information was not known (Olds, 2008) . Genotyping of the vaccine strains (S11 -S16) using allele specific primers suggested that the earlier more virulent strains (de Vos, 1978; de Vos et al., 1982) , were composed of a higher genotypic diverse B. bovis population as exhibited by the presence of multiple bands and alleles for the Bv80 gene. The S11 strain was composed of at least four populations that possessed both alleles of the Bv80 gene. Since this passage already indicated loss of virulence (de Vos, 1978; de Vos et al., 1982) , it may be assumed that the original parental strain was composed of an even more diverse and virulent B. bovis population. Unfortunately these parental stocks were not available for analysis. It is possible that the loss of virulence and tick-transmissibility in the S24 strain is related to loss in genetic diversity. This would have to be confirmed, since it is not known whether the S11 strain can still be transmitted by the tick vector.
The avirulent and non-tick transmissible S24 strain is composed of a B. bovis population that is less genotypic diverse as exhibited by the single allele A for the Bv80 gene. The S24
genotype was not observed in the S11 strain, but were detected in the S16 strain, suggesting a shift in dominant populations during attenuation (Mazuz et al., 2012; Baravalle et al., 2012 ).
This population remained stable from passage S18 up to the current passage (S24) used for live vaccine production. Inoculation of the S23 vaccine strain into intact cattle to produce the S24 strain, resulted in the same genotype on different occasions (Combrink et al., 2013; unpublished results) . This contrasts with reversion to virulence of a non-virulent phenotype upon sub-inoculation into intact steers that was interpreted as possible selection of different sub-populations (Timms et al, 1990) . The possibility therefore exist that a clonal B. bovis population were derived due to rapid passage in splenectomized animals with the loss of virulent and tick-transmissible parasite populations (Gill et al., 1987) . Similar observations were previously made using other geographically distinct B. bovis isolates that were attenuated by rapid passage (Lau et al., 2011; Mazuz et al., 2012; Baravalle et al., 2012) .
The Bv80 gene, also known as Bb-1 is a merozoite protein localized to the apical spherical body and is secreted during invasion of the host erythrocytes (Hines et al., 1995) . Bv80 is composed of conserved flanking regions characterized by either allele A or allele B signatures with the N-terminal regions associated with Th1 epitopes (Brown et al., 1993; Hines et al., 1995) . Allele A was previously found in Australia, while the B-allele was found in Mexico and Israel (Dalrymple et al., 1993; Hines et al., 1995; Mazuz et al., 2012) . It has not been determined yet whether both alleles occur in Northern America, Australia and Israel and whether current distributions are due to sampling bias. In contrast, both A and B alleles have been demonstrated to circulate in Argentina (Baravalle et al., 2012) , similar to the current study. The vector tick R. (B.) microplus and B. bovis was presumably introduced into southern Africa during the 1900s from an unknown origin (Norval et al., 1992) . It is possible that multiple introductions led to establishment of both A and B alleles from various geographic areas, or from a region where both alleles occurred.
The Bv80 gene also possesses a central variable region composed of repeats (Hines et al., 1995) . Two main repeat structures may be observed with local variation that includes the signatures EEPIA/EEPVA or PAET/PAEK (Hines et al., 2009; Wilkowsky et al., 2009 ). In the case of vaccine strain S24 the PAET/PAEK signature was almost completely lost, yielding a strain with one of the lowest repeat lengths observed compared to field isolates. In field isolates a wide variety of repeat lengths were observed. No correlation was previously found between virulence and Bv80 size (repeat length) or the presence or absence of allele A and B (Lau et al., 2011; Baravalle et al., 2012) . The Bv80 gene or the S24 genotype can therefore not be used as a marker for virulence per se, but could be used to distinguish vaccine strains from field strains.
The vaccine strain S24 could be distinguished from field isolates using the combined Bv80 allele and micro-satellite data, or using the Bv80 allele data alone. This could be useful within a southern African setting to investigate and determine the role that the vaccine strain plays in B. bovis outbreaks. To date none of the clinical field cases indicated that the vaccine strain played a role in outbreaks.
